Oxidative stress results when the balance between the production of reactive oxygen species (ROS) overrides the antioxidant capability of the target cell; oxidative damage from the interaction of reactive oxygen with critical cellular macromolecules may occur. ROS may interact with and modify cellular protein, lipid, and DNA, which results in altered target cell function. The accumulation of oxidative damage has been implicated in both acute and chronic cell injury including possible participation in the formation of cancer. Acute oxidative injury may produce selective cell death and a compensatory increase in cell proliferation. This stimulus may result in the formation of newly initiated preneoplastic cells and/or enhance the selective clonal expansion of latent initiated preneoplastic cells. Similarly, sublethal acute oxidative injury may produce unrepaired DNA damage and result in the formation of new mutations and, potentially, new initiated cells. In contrast, sustained chronic oxidative injury may lead to a nonlethal modification of normal cellular growth control mechanisms. Cellular oxidative stress can modify intercellular communication, protein kinase activity, membrane structure and function, and gene expression, and result in modulation of cell growth. We examined the role of oxidative stress as a possible mechanism by which nongenotoxic carcinogens may function. In studies with the selective mouse liver carcinogen dieldrin, a species-specific and dose-dependent decrease in liver antioxidant concentrations with a concomitant increase in ROS formation and oxidative damage was seen. This increase in oxidative stress correlated with an increase in hepatocyte DNA synthesis. Antioxidant supplementation prevented the dieldrin-induced cellular changes. Our findings suggest that the effect of nongenotoxic carcinogens (if they function through oxidative mechanisms) may be amplified in rodents but not in primates because of rodents' greater sensitivity to ROS. These results and findings reported by others support a potential role for oxidative-induced injury in the cancer process specifically during the promotion stage. Environ Health Perspect 1 06(Suppl 1):289-295 (1998). http.//ehpnetl.niehs.nih.gov/docs/1998/Suppl-1/ 289-295klaunig/abstract.html
Introduction
Oxidative stress occurs in a cell or tissue metabolism and oxidative phosphorylation. when the concentration of reactive oxygen The metabolism of substances by the P450 species (ROS) generated exceeds the antioxi-enzyme system generates oxygen free radicals dant capability of that cell (1) . ROS can be through normal or futile cycling mechanisms produced both endogenously or exoge- (2) . Exogenous sources of ROS can also nously ( Figure 1 ). Endogenous oxidative impact on the overall oxidative status of a stress can be the result of normal cellular cell. Drugs, hormones, and other xenobiotic This paper is based on a presentation at The Third BELLE Conference on Toxicological Defense Mechanisms and the Shape of Dose-Response Relationships held [12] [13] [14] (5, 6) .
Several human chronic disease states including cancer have been associated with oxidative stress produced through either an increased free radical generation and/or a decreased antioxidant level in the target cells and tissues (4, 7) . A role for reactive oxygen radicals in the etiology of cancer is supported by epidemiologic studies. Specifically these epidemiologic studies illustrated the protective role for antioxidants against cancer development (8, 9) and a correlation between tumor induction and the intake of high concentrations of transition metals such as iron, which facilitate the production of free radicals (10, 11 (12) . A common form of damage is the formation of hydroxylated bases of DNA, which are considered an important event in chemical carcinogenesis (12, 13) . This adduct formation interferes with normal cell growth by causing genetic mutations and altering normal gene transcription. Several different pathways by which oxidative DNA damage leads to mutations have been proposed, including chemical modification of nucleotide moieties in DNA causing alteration in their hydrogen bonding, exacerbation of polymerase-specific hot spots, conformational change in the DNA templates, and the induction of a DNA polymerase conformation that is error prone (14) . Formation of 8-hydroxy-2'-deoxyguanosine [ Cellular fatty acids are readily oxidized by ROS to produce lipid peroxyl radicals and lipid hydroperoxides (7) . Lipid peroxyl radicals can subsequently propagate into malondialdehyde (MDA). The formation of lipid damage (lipid peroxidation) may result in several possible sequelae including protein oxidation (7) . These lipid radicals can diffuse through membranes, thus modifying the structure and function of the membrane and resulting in a loss of cell homeostasis. In addition, lipid peroxides may result in the interaction with cellular DNA and cause the formation of DNA-MDA adducts (13 process definable by at least three steps or stages: initiation, promotion, and progression ( Figure 2 ). The tumor promotion stage involves the selective clonal expansion of the initiated cell population through either increased cell division and/or decrease cell death (apoptosis) (25, 26) . The final stage (progression) involves the development of irreversible cancer growth from the preneoplastic lesions (27) . Initiation involves a nonlethal and inheritable mutation in cells by interaction of a chemical with DNA. This mutation confers a growth advantage to that cell. For the mutation to be set a round of DNA synthesis must occur to lock in the mutation. The activation of the carcinogen to an electrophilic DNA-damaging moiety is a necessary step for this stage. ROS are believed to mediate the activation of such carcinogens through hydroperoxide-dependent oxidation that can be mediated by peroxyl radicals (4) . This occurs with aflatoxin B,, aromatic amines, and polycyclic aromatic hydrocarbon dihydrodiols (4). ROS or their byproduct of lipid peroxidation, MDA, can also directly react with DNA to form oxidative DNA adducts (13) . The presence of carcinogen-DNA adducts and oxidative DNA adducts generated by chemical carcinogens suggest an interactive role of ROS in initiation. ROS, therefore, can have multiple effects in the initiation stage of carcinogenesis by mediating carcinogen activation, causing DNA damage, and interfering with the repair of the DNA damage ( Figure 3) .
Promotion involves the selective clonal expansion of the initiated cell population through either increased cellular proliferation and/or inhibition of cell death (apoptosis). Pathologically this results in the formation of the preneoplastic lesion (foci from the initiated cell). ROS (31) (Figure 3 ).
Results and Discussion
Dieldrin: A Case Study
We are interested in understanding the mechanism by which nongenotoxic epigenetic carcinogens function. These compounds appear to have multiple effects at the target cell depending on the compound involved. These changes include modification to cell function such as alterations of gap junction intercellular communication, induction of peroxisomes, activation of PKC, modification of gene expression, induction of transcription factors, and/or modulation of oxidative stress. It is important to note that whereas these toxic end points are seen following exposure to nongenotoxic epigenetic carcinogens, the mechanism by which these compounds induced their cancer remains unresolved and may involve one or more of these important effects. We will focus on the role and mechanism by which the organochlorine pesticide dieldrin selectively induces hepatic cancer in the mouse (33) . Dieldrin is a unique compound in that its carcinogenic effect is restricted to the formation of hepatic tumors following chronic feeding in the mouse (34, 35) . Other species, including the rat, dog, and monkey are resistant to the carcinogenic effects of dieldrin. Previous studies showed that the metabolism of dieldrin in the mouse and rat was very similar (36) . Thus the mechanism for the selective induction of hepatic cancer by dieldrin in mice does not appear related to differences in dieldrin metabolism or pharmacokinetics between the two species.
In an effort to further understand the mechanisms of dieldrin induction of cancer in the mouse liver, our initial studies concentrated on examining the role of dieldrin in induction of cell proliferation and/or modulation of cell death (apoptosis). The induction of cellular proliferation has been linked to the carcinogenic potential ofa compound. It appears that induction of cellular proliferation in target tissue is a common property of most nongenotoxic carcinogens. Our initial studies (37,38) used a 90-day in vivo bioassay in which dieldrin (at 10, 1, and 0.1 ppm) was examined for its ability to selectively induce hepatic DNA synthesis in the mouse liver. Male F344 rats and male B6C3F1 mice were sampled after 7, 14, 28, and 90 days of continuous treatment with dieldrin in the diet. The results of this study showed that dieldrin induced an increase in DNA synthesis that was dose dependent and seen only in the mouse ( Figure 4A ). Dieldrin had no effect on DNA synthesis in the similarly treated rats ( Figure 4B ). 'Whereas an increase in DNA synthesis was seen at all sampling times in the mouse liver at the highest dose studied, the largest effect was seen after 14 days of continuous treatment. The dieldrin doses chosen for study correlated in both preneoplastic initiated cells and normal cells. To answer these questions a model system was developed to produce preneoplastic initiated cells in mouse and rat liver. The carcinogen diethylnitrosamine was used to produce preneoplastic hepatic foci in both rats and mice. Using this protocol the diethylnitrosamine was given to rats and mice soon after weaning for a short duration. Four months after diethylnitrosamine treatment, the animals were placed on a diet containing dieldrin with the same concentrations used in the subchronic study noted above (10.0, 1.0, and 0.1 ppm). Animals were treated with dieldrin for either 7, 30, or 60 days and sampled at each of these time periods. Livers were excised and hepatic DNA synthesis, hepatic apoptosis, lesion size and volume, and increase in lesion morphology were quantitated in ng in the rat dieldrin-treated and control untreated rats and mice. Dieldrin induced an increase in DNA synthesis ( Figure 5A ), had no effect eated on apoptosis (39) , and induced an increase Irin, 0.1 mg/kg in lesion size ( Figure 6A ) only in mouse nrin, 1.0 mg/kg Irin 10.0 mg/kg liver lesions. The rat liver foci were refractory to the effects of dieldrin ( Figures 5B  and 6B ). In summary, dieldrin produced an increase in DNA synthesis in both naive and foci-containing mouse livers while having no such effect in similarly treated rat livers. This suggests that the hepatic carcinogenic effects of the dieldrin are uniquely linked to the physiologic, biochemical, and metabolic properties of the mouse. Previous studies by Stohs and colleagues (40) showed that selected chlorinated hydrocarbon pesticides produced lipid per-60 oxidation in the liver of treated animals.
3ys
Because of the significance of the potential role of oxidative stress in the induction of cancer as described above, we further examined dieldrin-treated mice and rats for hepatic oxidative stress. Using the same doses of dieldrin and treatment regimens described, rats and mice were examined for changes in oxidative damage (DNA oxidation ) and lipid peroxidation (MDA), changes in antioxidants (vitamins E and C, glutathione) and formation of ROS following subchronic dieldrin treatment. These end points were examined in both the target tissue (the liver) and in urine (as a means of assessing total body oxidative stress). The results from these studies showed a dieldrin-associated induction of oxidative stress parameters in the mouse ( Figure 7A and (B) F344 rat liver was examined after 7, 30, and 60 days of treatment. Dieldrin produced a dose-dependent increase in focal volume at the two highest concentrations examined in the mouse but had no effect on hepatic focal volume in the rat. through oxidative stress mechanisms.
An important aspect of these studies Exposure duration, days was to ascertain the overall risk of humans cts of selective oxidative stress parameters (MDA, vita-to dieldrin-induced cancer. Because a d in male (A) B6C3F1 mouse liver and (B) F344 rat liver potential mechanism for dieldrin cancer An increase in MDA and urine 8-OHdG was seen in the formation in the mouse liver was detertion was also observed while no significant change was mined to be through nongenotoxic mechaere observed in any of these parameters at any time in nisms involving the selective induction of oxidative stress, additional comparative studies were performed in vitro. Hepatocytes liver appeared quenched by this greater isolated from rat, mouse, and human liver amount of native liver vitamin E, and thus (obtained from autopsy and surgical specidieldrin did not produce the oxidative mens) were placed in primary cultures, damage observed in the mouse liver (41) . treated with dieldrin, and examined for Based on these observations additional several important end points including studies were performed to further under-modification of gap junctional intercellustand the possible link between the lar communication and induction of induction of oxidative stress and the pro-oxidative stress. motional effects of dieldrin in the mouse Dieldrin inhibited gap junctional interliver. Because vitamin E appeared to be cellular communication in mouse hepatoselectively decreased in the dieldrin-cytes but failed to block communication in treated mice, additional investigations similarly treated rat and human hepatowere performed to examine whether sup-cytes (43) . The In addition, the ability of dieldrin to induce oxidative stress in cultured mouse, rat, and human hepatocytes was examined. Dieldrin, as seen in vivo, produced a dosedependent increase in lipid peroxidation and oxidized DNA bases in cultured mouse hepatocytes. Dieldrin did not induce these changes in similarly treated rat and human hepatocytes (Figure 9 ). In hepatocytes from all three species a decrease in intracellular vitamin E was seen following dieldrin exposure. However, whereas the vitamin E stores in the human and rat hepatocytes were much greater than that seen in the mouse hepatocytes, the reulting dieldrin-induced decrese in vitamin E in human and rat liver cells did not produce oxidative stress. Subsequent studies on vitamin E levels in liver from rat, mouse, and humans showed a similar difference in native vitamin E levels to that seen in the isolated hepatocytes.
Conclusions
Oxidative stress appears to be an important factor in a number of human diseases including the induction of cancer. Several chemical carcinogens seem to induce oxidative stress either indirectly through modification of cellular antioxidant defense mechanisms or directly. Dieldrin, an organochlorine pesticide, causes cancer in the mouse liver. The induction of cancer by dieldrin seems to be through nongenotoxic mechanisms and may involve the selective production of oxidative stress by the dieldrin in the liver of mice. In conclusion, the formation of ROS by toxic agents generally and chemical carcinogens specifically may be an important mechanism to consider when evaluating compound risk. Figure 9 . Dieldrin effects on selective oxidative stress parameters (MDA, vitamin E levels, 8-OHdG, and oxygen free radical formation [2, . Dieldrin effects were examined in rat, mouse, and human hepatocytes in primary culture. In the mouse, MDA, 8-OHdG, and 2,3-DHBA showed a significant increase after a 24-hr exposure to dieldrin. In contrast, vitamin E was depleted to significantly low levels. No changes in these four parameters were seen in rat and human hepatocytes treated in a similar manner.
